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ABSTRACT
Stepped chutes are commonly used for overtopping protection for embankment dams. Aerated flow is commonly
associated with stepped chutes if the chute has sufficient length. The aeration and turbulence of the flow can create
a significant amount of splash over the training wall if not appropriately accounted for in the design of the
structure. According to the United States Department of Agriculture (USDA)-Natural Resources Conservation
Service (NRCS) Technical Release 60 Earth Dams and Reservoirs, a structural spillway should be designed to pass
the freeboard hydrograph such that it does not cause serious damage to the embankment or the structure itself. For
stepped spillways, researchers have suggested the training wall height equal a design factor ranging from 1.4 to 1.5
multiplied by the bulked flow depth, y90. Yet, literature suggests that the design factor is a recommendation with
little to no research provided to actually quantify what the design factor should be. Researchers at the USDAAgricultural Research Service (ARS) Hydraulic Engineering Research Unit (HERU) in Stillwater, OK conducted a
series of tests in a near prototype scale stepped chute facility to determine the design factor for training walls
necessary to minimize the erosive splash that could result from the aerated flow. Tests were conducted in a stepped
chute with a slope of 18.4 degrees for a wide range of skimming flow conditions. Data indicates for a step height, h,
to critical flow depth, dc, ratio of less than 0.4, the design factor for the training wall is 1.4; thus, the training wall
height is equal to 1.4y90. For h/dc ≥ 0.4, the design factor increases from 1.4 at h/dc = 0.4 up to 2.0 for h/dc = 1.0.
These design factors are recommended for use on chute slopes ranging from 10 to 30 degrees. This research is
intended to assist design engineers with appropriately designing stepped chute training walls to minimize the
erosive splash that can occur as a result of aerated, turbulent flow.
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1. INTRODUCTION
Aging embankment dams are faced with many challenges including deterioration of structural components,
sedimentation encroaching the flood pool, and changing demographics resulting in hazard creep. Stepped chutes are
commonly used for embankment overtopping protection of aging flood control structures experiencing hazard creep.
Stepped chutes provide significant energy dissipation compared to smooth chute designs (Rice and Kadavy 1997,
Boes and Minor 2000, Matos 2003, Hunt et al. 2014, Felder and Chanson 2015). Additionally, stepped chutes
provide an alternative to modifying existing earthen auxiliary spillways because stepped chutes may be placed over
the top of the dam and provide increased spillway capacity, whereas to achieve the same increased spillway
capacity, an earthen auxiliary spillway may have to be significantly modified (i.e. widened) to match the capacity of
the stepped chute.
If a stepped chute is of sufficient length, the turbulent boundary layer reaches the free surface and, thus, the air
entrainment inception point develops. Downstream of this point, strong air-water interactions occur, creating water
droplets that eject from the chute (Chanson 1993, Boes and Minor 2000, Matos 2003, Ohtsu et al. 2004, Felder and
Chanson 2015). If the water droplets are not contained by the chute training walls when stepped chutes are applied
to existing embankment dams, then scour may occur along the outside of the chute training wall. Excessive scour
can undermine the structure and lead to failure of the chute.

Ohtsu et al. (2004) indicated the difficulty of measuring aerated flow depths accurately with a point gage because of
the erratic behavior of the water. With the introduction of measuring air concentrations to describe the water
droplets and splashing (Ohtsu et al. 2004), researchers (Boes and Minor 2000; Chanson and Toombes 2002; Matos
2003; and Ohtsu et al. 2004) are able to relate air concentration back to flow depth. Today, researchers routinely use
the characteristic flow depth with an air concentration of 90%, y90, to describe the bulked flow in stepped chutes.
Bulked flow is the increased flow depth due to air introduced in the flow. y90 is a measurable term researchers have
repeatedly used to relate training wall height for stepped chutes. For instance, Boes and Minor (2000) with
concurrence by Matos (2003) suggest setting the training wall height to approximately 1.2 to 1.5 times y90 to contain
the splash expected as a result of the air-water interactions. Ohtsu et al. (2004) suggest a training wall height of 1.4
times y90. Chanson and Toombes (2002) indicate that the air-water flow depth, y90, may reach 1.4 to 1.6 times dc, but
they do not provide a recommendation on training wall height based on this observation. While many of these
researchers (Boes and Minor 2000; Chanson and Toombes 2002; Matos 2003; and Ohtsu et al. 2004) appear to be in
agreement with recommended guidance for training wall height design, none of them provide actual data to support
these recommendations. The objective of this study is to provide training wall height recommendations that are
quantifiable for non-converging stepped chutes over a large range of step chutes slopes (i.e. 10° ≤  ≤ 30°) and step
height to critical flow depth ratios (i.e. 0.035 ≤ h/dc ≤ 1.1).

2. EXPERIMENTAL SETUP
Testing was conducted in a near prototype scale stepped chute testing facility, as shown in Figure 1, at the USDAARS HERU, in Stillwater, OK. Chanson (2002) and Boes and Hager’s (2003) recommendations for minimizing the
occurrence of major scale effects were followed in model design and construction. The Weber (W) and Reynolds
(R) for the original study by Hunt et al. (2014) were 8.1x103 ≤ W ≤ 5.6x105 and 9.5x104 ≤ R ≤ 1.61x106,
respectively. Hunt et al. (2014) also indicate that recommendations provided by Pfister and Hager (2011) and
Pfister and Chanson (2012) for minimizing scales effects were reasonably met. A subset of testing was conducted in
this same flume to examine the training wall height requirements for non-converging stepped chutes. Table 1
summarizes further details of the experimental conditions in terms of chute slope (), chute width (B), vertical
distance from the chute crest to the stilling basin floor (Hcrest), unit discharge (q), step height (h), Froude surface
roughness (F*), step height to critical flow depth ratio (h/dc), Reynolds number (R), Weber number (W), and
normalized length (L/Li).

a).
b).
Figure 1. Photographic depiction of stepped chute testing facility at the USDA-ARS HERU: a). stepped chute
facility looking from downstream to upstream and b) side view of stepped chute facility.

Table 1. Summary of stepped chute physical model experimental conditions.
Experimental Conditions
Chute slope, 
Chute width, B
Vertical distance from the chute crest to the
stilling basin floor, Hcrest
Unit discharge, q
Step height, h
Froude surface roughness, F*
Step height to critical flow depth ratio, h/dc
Reynolds number, R
Weber number, W
Normalized length, L/Li

18.4°
1.83 m
5.5 m
0.28 to 1.90 m3/(s•m)
152 mm
2.9 to 20
0.240 to 0.852
1.3x105 to 1.6x106
5.8x103 to 1.9x105
1.73 to 9.43

The entrance condition to the model consisted of a 3-m long weir that was classified as broad-crested according to
Chow (1959). The testing flume consists of a smooth concrete surface with an approximate roughness height of
0.46 mm, which is consistent with Chow (1959). The width of the flume was 1.8 m with a vertical drop of 5.5 m.
The original flume was constructed with a chute slope,  = 18.4° (3H:1V). Although a large number of tests have
been conducted in this facility over a range of chute slopes, step heights, and unit discharges to obtain data of clear
and aerated flow depths and air concentrations (i.e. Hunt and Kadavy 2014), an additional seven tests were
completed to evaluate the training wall height requirements. Unit discharges ranged from 0.28 ≤ q ≤ 1.90 m3/(s•m),
indicating flows conditions that were defined as skimming flow conditions according to Chanson (1994) and Ohtsu
et al. (2001, 2004).
As outlined by Hunt et al. (2014), flow depth-velocity profiles were measured using a back-flushing Pitot tube
coupled with a differential pressure transducer and/or a RBI® dual-tipped fiber optic probe attached to a manually
operated point gage. The fiber optic probe tip diameters were approximately 0.08 mm, with a distance of 2.05 mm
between them. The sample rate for testing was greater than 300 kHz with a signal response time of 0.033s.
Sampling was set to 14,000 air bubbles or 30 seconds, whichever came first. To determine the measured flow on or
over the training wall, a fixture (Figure 2) was designed to simulate the top of the training wall, ysw, and to collect
the splash landing on the top of the wall and outside the wall. The fixture was fabricated from sheet metal with a
back to contain splash over the wall and bottom to contain splash on top of the wall. The bottom of the fixture had a
triangular groove to convey the collected flow to the downstream end of the section. The fixture was 0.19 m wide
and consisted of four 1.5 m long sections for a total length of 6.0 m. It was placed along the concrete wall inside the
flume parallel to the pseudo-bottom of the chute floor and was adjusted to depths corresponding to 1.25, 1.50, 1.75,
and 2.0 y90 for each test flow. Splash on the 1.5 m long downstream section was collected over time through a port
located at the downstream end of the fixture and measured as flow per unit length of wall. The three upstream
sections of the fixture were used to simulate the top of training wall, but these were not used for flow collection or
measurement. To determine the characteristic flow depth with the air concentration of 90%, y90, observed and
predicted data were obtained from Hunt et al. (2014). Other data collected during the test were the maximum
visually observed splash height, ysp. This information was obtained from scaled digital photos and determined as the
maximum level on the training wall that was continuously wetted by the splash. For some of the tests, the existing
concrete wall was extended with a plywood wall so the maximum observed splash height could be determined.
Figure 3 is a photographic depiction of the visually observed maximum splash height, ysp during one of the tests.
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Figure 2. Fixture for measuring flow over or on top of training wall a). schematic, b). fixture simulating top of wall
looking upstream, and c). fixture simulating top of wall looking downstream.

Splash line observed
on extended wall.

Figure 3. Splash photographically observed during stepped chute test.

3. RESULTS AND DISCUSSION
Boes and Minor (2000), Matos (2003), and Ohtsu el al. (2004) indicate the training wall height should be
approximately 1.2 to 1.5 times the characteristic flow depth with an air concentration of 90%, y90, to contain the
splash. According to Chanson (2002), y90 is a function of the equivalent clear water flow depth, ycw, and mean air
concentration, Cmean, as shown in Equation 1. The equivalent clear water flow depth, ycw, is the flow depth such that
the void fraction (i.e. air concentration) is assumed to equal zero.

y 90 

y cw
1  C mean

(1)

While other researchers, including Chanson (2002) and Ohtsu et al. (2004), have provided relationships for
determining the clear water flow depth and mean air concentration, Hunt et al. (2013, 2014) provided a more
extensive analysis from a large data base developed from their research, resulting in the development of
relationships for clear water flow depth, Equations 2 and 3, and mean air concentration, Equations 4 and 5. These
relationships are also dependent on the normalized length, L/Li. Hunt et al. (2014) further validated Equations 2, 3,
4, and 5 with data from literature. Although there are many relationships available for determining the air
entrainment inception point for stepped chutes, it is recommended that relationships provided by Hunt and Kadavy
(2013) be used in this analysis for consistency purposes. Thus, Equations 6 and 7 are recommended for use in
conjunction with Equations 2, 3, 4, and 5.
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where h = step height, dc = critical flow depth,  = chute slope, L = length from the downstream edge of the broadcrested weir to the point of interest, Li = characteristic length from the downstream edge of the broad-crested weir to
the surface inception point, F* = Froude number defined in terms of the roughness height: F*  q / g (sin  )ks3 , and
ks = the surface roughness = h cos().
Based on the visual observations in this study, the maximum splash height, ysp, was noted to range between 2.5 to
5.5 times y90. Although the splash was observed at these heights, it does not necessarily mean that the training walls
need to extend to this height since not all of the splash over the top of the wall would exit the chute and be
considered erosive in nature. Figure 4 indicates the splash measured as flow per unit length of wall, qsw, decreases
exponentially as the ratio of ysw to y90 increases. For low values of qsw, the curves tend to level off and are not
significantly influenced by the sidewall height. Based on engineering judgement for an acceptable amount of flow
over the top of the training wall, a qsw value of 1.24 liter/(min•m) was arbitrarily selected. This value of qsw

corresponds to the transition of the data from exponential to a constant. Values of ysw/y90 corresponding to qsw = 1.24
liter/(min•m) were determined for each value of h/dc from the curves in Figure 4 and presented in Figure 5. Figure 5
indicates the required training wall height, assuming a limit of qsw = 1.24 liter/(min•m), is approximately 1.4 y90 for
h/dc ≤ 0.4. For h/dc > 0.4, ysw/y90 is a function on h/dc; thus, the training wall height increases to a value of
approximately 1.9 y90 at h/dc = 0.9. When comparing ysw/y90 to h/dc, as shown in Figure 5, ysw/y90 appears to be a
simple power function of h/dc for values of h/dc greater than 0.4 and constant for values of h/dc less than 0.4; thus,
the comparison yields the following empirical yet quantifiable relationships for recommended training wall height:
ysw/y90 = 1.40 for h/dc ≤ 0.4

(8)

And

 h
y sw
 2.0
y 90
 dc






0.37

for h/dc > 0.4

(9)

with a coefficient of determination, R2, of 0.97. The observations from this study indicate that Chanson (1993),
Boes and Minor (2000), Matos (2003), and Ohtsu et al. (2004) provide minimum requirements for training wall
height requirements.

Figure 4. Measured flow per unit of length, qsw, over or on top of training wall versus training wall height, ysw,
normalized by characteristic flow depth with air concentration of 90%, y90.

Figure 5. The ratio of training wall height to characteristic flow depth with air concentration of 90%, (ysw/y90) as
compared to the ratio of step height to critical flow depth (h/dc) for a recommended limit on the measured splash
flow of 1.24 liters/(min•m) .
Using the relationships as defined in Equations 1 through 7 to determine y90, and by knowing the step height and
critical flow depth for a non-converging stepped chute, the design engineer has the tools to estimate the training wall
height requirements necessary to contain a significant amount of splash in the chute if the splash flow is minimized
to 1.24 liters/(min•m) over or on the top of the training wall. The criteria set forth are recommended for nonconverging stepped chutes with skimming flows and chute slopes ranging from 10° ≤  ≤ 30°.

4. CONCLUSIONS
An extensive, multi-year, large scale physical model study has been completed at the USDA-ARS Hydraulic
Engineering Research Unit in Stillwater, OK. Additional testing to complement the research was conducted for the
purposes of providing a quantifiable relationship for training wall height recommendations for non-converging
stepped chutes. While Boes and Minor (2000), Matos (2003), and Ohtsu et al. (2004) provide recommendations for
training wall height requirements ranging from 1.2 to 1.5 times y90, the maximum splash height, ysp, visually
observed in this study ranged between 2.5 to 5.5 times y90. Setting a recommendation for the training wall height to
contain the maximum observed splash would be extremely and overly conservative. Based on engineering
judgement for an acceptable amount of flow allowed over the top of the training wall, a qsw value of 1.24
liter/(min•m) was arbitrarily selected. This value of qsw corresponds to the transition of the data from exponential to
a constant. Allowing flows greater than 1.24 liter/(min•m) to overtop the training wall are expected to be more
erosive in nature, creating a higher risk for the structure to fail. Based on the data with the limiting qsw set to 1.24
liter/(min•m), ysw/y90 appears to reach a constant of approximately 1.4 for h/dc ≤ 0.4, and increases ysw/y90 as h/dc >
0.4. The empirical relationships, Equations 8 and 9, provide quantifiable conservative results for determining
training wall height. The relationships herein provide design engineers with the tools for determining the required
training wall height for non-converging stepped chutes under skimming flow conditions over a range of chute slopes
(i.e. 10° ≤  ≤ 30°).
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